In order to ensure crew safety and understand bacterial dynamics in space habitation environments, microbial monitoring is required. We have been continuously performing microbial monitoring in the Japanese Experiment Module "Kibo" on the International Space Station in cooperation with Japan Aerospace Exploration Agency (JAXA) since 2009 (research title: "Microbe"). As of now, sampling was performed on Sep. 2009 (Microbe-I), Oct. 2010 (Microbe-IIA), Feb. 2011 (Microbe-IIB) and Oct. 2012 (Microbe-III). In this study, abundance and phylogenetic affiliation of bacteria on interior surfaces in the ISS-Kibo were determined by quantitative PCR and amplicon sequencing with a high-throughput sequencer, respectively. The surface of CBEF (incubator), inside of the door of CBEF, laptop palm rest, air intake, and handrail were selected as sampling sites. We used a new device for sampling, the microbe-collecting adhesive sheet, developed in our laboratory. According to phylogenetic affiliation of bacteria, bacteria in the phyla Firmicutes were frequently detected on the interior surfaces in the ISS-Kibo. Especially, genus Staphylococcus, which is a part of human skin microbiota, was frequently detected; thus, bacterial cells found in the ISS-Kibo might be transferred to the surfaces in the ISS-Kibo via astronauts. Bacterial number at each site was equivalent to or less than the quantification limit (10 . From these aspects of bacterial abundance and their phylogenetic affiliation, the ISS-Kibo has been microbiologically well maintained; however, bacterial abundance was more than 10
Introduction
Construction of the International Space Station (ISS) on orbit was started on November 1998 and operation of the Japan Experiment Module "Kibo" on the ISS has started on March 2008. Human activities have been expanded to outer space and six astronauts are now living in the ISS.
There is constant interaction between microbes and humans on the earth, and previous space experiments conducted during short-term flights and aboard orbiting space stations suggest that the relationship between humans and microbes may be changed in space habitats (environmentally controlled closed ecosystems under microgravity and elevated radiation). For example, the pathogenicity and virulence of some bacteria, such as Salmonella enterica serovar Typhimurium, have been shown to increase under microgravity, and this has been attributed to enhancements in the formation of extracellular matrices and production of biofilms 1) . Detrimental alterations in the human immune system may be caused by physiological and psychological stressors associated with the space habitation environment 2) .
Microbes that might present a health hazard to the astronauts and potentially damage flight hardwares have been recognized in the ISS [3] [4] [5] [6] . Space agencies have therefore attempted to avoid microbiological problems by developing strategies to limit contamination aboard the ISS following continuous microbial monitoring 7) .
For microbial monitoring of interior surfaces in the ISS, sampling has been performed with swabs or stamp agars 4, 8) , and laboratory analysis of bacterial genera is carried out back on the Earth. These conventional sampling methods have several problems that should be resolved: use of water for swabbing methods; potential risk of injury if the handle of the swab is broken during sampling; contamination of surfaces with culture medium components of stamp agars; and difficulty of sampling from curved surfaces. For sampling microbial cells on solid surfaces, we have developed a microbe-collecting adhesive sheet 9) . This thin sheet has high operability, needs no water for sampling, and is easy to transport and store. We have evaluated via laboratory test on ground the applicability of the adhesive sheet for microbial monitoring in space habitat 10) . We then used the adhesive sheet for microbial monitoring in the ISS; we have been continuously performing microbial monitoring in the Kibo, in cooperation with the Japan Aerospace Exploration Agency (JAXA) (research title: "Microbe" 11, 12) ). The objective of "Microbe" is to monitor changes in microbial abundance and species diversity in the ISS-Kibo, and to clarify microbial dynamics in crewed habitat in space. As of now, sampling was performed on Sep. 2009 (Microbe-I), Oct. 2010 (Microbe-IIA), Feb. 2011 (Microbe-IIB) and Oct. 2012 (Microbe-III) and sampling with adhesive sheet was performed in Microbe-II and Microbe-III. In this paper, we described bacterial abundance and taxonomic distribution in the ISS-Kibo, based on the results obtained in Microbe-IIB and Microbe-III with rRNA gene-targeting approaches.
Materials and Methods

Sampling in the ISS-Kibo
Sampling using adhesive sheets in the ISS-Kibo was performed by an astronaut on 27 February 2011 (1,001 days has past after launch) and on 16 October 2012 (1,597 days has past after launch), as a part of the "Microbe" research program. The surface of the incubator, CBEF (Cell Biology Experiment Facilities; relatively low frequency of astronauts' contact), inside of CBEF (warm condition for cell culture), PC palm rest (routine contact by astronauts), return air grill (intake of air) and handrail (high frequency of astronauts' contact) were selected as sampling sites. Sampling was performed with optimized protocol 10) . Samples were stored in the freezer (-80C) installed in the ISS-Kibo for 10-12 days and transferred at -80°C to our laboratory via NASA Kennedy Space Center and JAXA Tsukuba Space Center.
Total direct counting of microbes collected with adhesive sheet
Center of the adhesive area (5 mm × 5 mm) was excised aseptically with a sterilized razor. This piece of sheet was used for total direct counting of microbes by fluorescence microscopy. Other area was used for DNA extraction as described below. Collected cells on adhesive sheet were fluorescently stained by dropping 1×SYBR Green II (Invitrogen, Waltham, MA, USA) on the sheet. Fluorescently stained cells in more than 50 microscopic fields were counted under an epifluorescent microscope at a magnification of ×1000.
DNA extraction from adhesive sheet sample
Adhesive area used for DNA extraction (6 cm 2 ) was excised aseptically with a scissors. DNA was extracted with the FastDNA Spin Kit for Soil (MP Biomedicals, Irvine, CA, USA). The excised sheet for DNA extraction was inserted into Lysing Matrix E tube provided as a part of the kit. After insertion, 2 µl of luciferase gene fragment was added as internal control for quantitative PCR 13) , and then DNA extraction was performed following the manufacturer's instructions. 100 µl of DES solution provided as a part of the kit was used for dilution of DNA.
Quantitative PCR
For determination of bacterial abundance, the 16S rRNA gene was quantified by quantitative PCR with a LightCycler (Roche Diagnostics, Basel, Switzerland). Quantitative PCR amplification was performed with the reagents supplied with the LightCycler DNA Master SYBR Green I (Roche Diagnostics). The quantitative PCR mixture, containing 4 mM MgCl2, 0.5 µM each primer (EUB f933, EUB r1387 14) ) and 4.5 ng µl -1 8-methoxypsoralen was made up to 8 µl with DNA-free water. 10× LightCycler DNA Master SYBR Green I and a DNA suspension was added last in a 1 µl volume each after irradiation of the PCR mixture with UV light 15) . After an initial denaturing step at 95°C for 10 min, 45 cycles were performed as follows: denaturing at 95°C for 15 sec, annealing at 60°C for 10 sec, extension at 72°C for 30 sec, and signal detection at 86°C for 5 sec.
To determine the rate of recovery of DNA during extraction, known amounts of PCR products of the luciferase gene (luc) were inoculated into the samples as an internal standard and quantified after DNA extraction according to Nishimura et al 13) . The DNA recovery rate was calculated by comparing the copy number of the inoculated luc gene before and after DNA extraction. The copy number of the 16S rRNA gene quantified by quantitative PCR was calibrated based on the recovery rate.
Amplicon sequencing with a high-throughput sequencer
For community analysis of bacteria collected at each site in the ISS-Kibo, pyrosequencing was performed by GS FLX system (Roche Diagnostics, Basel, Switzerland), following two-step PCR with 968f and 1401r primer sets targeting V6 -V8 region of bacterial 16S rRNA gene 16) . More than 10,000 reads were analyzed in each sample. Phylogenetic analysis of obtained sequences was performed by an open-source bioinformatics pipeline, QIIME, for performing microbiome analysis from raw DNA sequencing data 17) .
Results and Discussion
We used the adhesive sheet for bacterial monitoring in the ISS-Kibo. We determined bacterial numbers with different approaches, fluorescence microscopy (single cell level) and quantitative PCR (DNA level) targeting the 16S rRNA gene, to confirm the reliability of the results. Table 1 shows bacterial abundance in the ISS-Kibo determined with these two methods. Before this experiment, we confirmed that the number of 16S rRNA genes on an unused adhesive sheet (negative control) was below the quantification limit. By using fluorescent staining, bacterial abundance at each site was equivalent to or less than the quantification limit (2×10 We then estimated the taxonomic distribution of bacteria collected from surfaces of the four or five sites in the ISS-Kibo (Fig.1A) . Bacteria in the phylum Firmicutes was frequently detected on the surface of all sampling points, and dominant genus in this phylum was Staphylococcus (Fig.1B) . This bacteria has been detected from hands as human skin microbiota 18) ; thus, bacterial cells might be transferred to the surface in the ISS-Kibo via astronaut. Furthermore, this result was consistent with previous research in other modules of the ISS 4) . Other bacteria detected in the ISS-Kibo, such as Neisseriaceae (Betaproteobacteria) and Enterobacteriaceae (Gammaproteobacteria), are also part of human microbiota 18) . A. B. The abundance of bacteria in the ISS-Kibo was equivalent to or lower than that on the surfaces in our laboratory (10 5 cells/cm 2 ) 10) , and bacteria detected in the ISS-Kibo was related to the human skin microbiota. Furthermore, with regard to fungal biota analyses, Satoh et al. reported that the degree of cleanliness in the ISS-Kibo during the first 460 days was equivalent to that in a conventional clean room environment on the ground 19) . Surfaces of equipment installed in the ISS-Kibo are usually wiped with disinfectant once a week. From these aspects of microbial abundance and their phylogenetic affiliation, the ISS-Kibo has been microbiologically well maintained during four years and five months; however, microbial abundance in the ISS-Kibo may increase with prolonged stay of the astronauts. To ensure crew safety and understand bacterial dynamics in space habitation environments, continuous microbial monitoring in the ISS is required.
Conclusion
In order to ensure crew safety and understand bacterial dynamics in space habitation environments, continuous microbial monitoring is required. In this study, we used rRNA gene-targeting approaches such as quantitative PCR and amplicon sequencing with a high-throughput sequencer to determine bacterial abundance and analyze bacterial community structure, respectively. Obtained results suggested that bacteria found on the interior surfaces in the ISS-Kibo may be transferred via astronauts and also that rRNA gene-targeting approached enables us to recognize microbial world in the crewed habitat in space.
